T he neuronal ceroid lipofuscinoses (NCLs) are fatal progressive neurodegenerative diseases characterized by the accumulation of autofluorescent lysosomal storage material within the brain, the retina, and other tissues. Mutations in 13 different genes have been found to cause various forms of NCL in humans. 1 Neuronal ceroid lipofuscinosis has been reported in a variety of wild and domestic animals including the dog. 2, 3 At least 10 DNA sequence variants from 8 different genes have been identified as molecular genetic causes for the NCLs in dogs (Table 1) . [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] Until recently, all of the previously identified NCL-causing sequence variants in dogs have been reported to occur within members of single breeds, although there are 2 examples of different NCL-causing alleles segregating independently in the same breed: mutations in PPT1 and TPP1 have been associated with different forms of NCL in Dachshunds 4, 5 and mutations in CLN6 and CLN8 have been found in different NCLs of Australian Shepherds. 8, 11 Faller et al 15 were the first to report a previously identified NCL-causing mutation in a second dog breed when they described NCL in Chihuahua siblings that were homozygous for a single-base deletion and frameshift that had already been reported in a Chinese Crested Dog with NCL. 9 Still to be identified are the molecular genetic causes of the previously reported NCLs in other breeds, such as the Australian Cattle Dog (also known as Blue Heeler), 16 Cocker Spaniel, 17 Dalmatian, 18 Labrador Retriever, 19 Miniature Schnauzer, 20 Polish Lowland Sheepdog, 21 and Saluki. 22 Mutations causing NCL are likely to be segregating in additional breeds for which the disease has not yet been reported. We had an opportunity to analyze biological samples from young adult Australian Cattle Dogs with NCL-like clinical signs. Herein, we describe the disease phenotype and report that its molecular genetic cause is identical to a mutation previously identified as the cause of NCL in Border Collies. 6 Thus, ours is the second report that a NCL-causing mutation is present in a dog breed other than that of the original discovery.
Materials and Methods
All studies were conducted with approval from the University of Missouri Animal Care and Use Committee and with informed consent of the dogs' owners.
Subject Australian Cattle Dogs
Five dogs were evaluated for this study. Although pedigree information was not available for all dogs, all were believed by their owners to be purebred Australian Cattle Dogs, and according to their veterinarians, all had physical characteristics that were typical of purebred Australian Cattle Dogs (Fig 1) . Australian Cattle Dog A, a 15-month-old spayed female (Fig 1A) , was referred to the Veterinary Specialty Services Neurology Department near St. Louis for an acute onset of seizures and blindness in 2014. Approximately 2 weeks before presentation, the dog had experienced its first tonic-clonic seizure. The dog was reportedly completely blind in the postictal period. Partial return of vision occurred within 24 hours, but the dog never regained full vision. Over the next few days, the dog developed persistent focal seizures and "fly biting." After the initial seizure, the dog circled constantly when not sedated. The dog had been evaluated by the local veterinarian who initiated treatment with phenobarbital. There was no improvement with phenobarbital treatment and her care was transferred to the Neurology Department at Veterinary Specialty Services. The dog had been obtained from a breeder at a young age, but pedigree records and breeder contact information were lost, and it was not possible to locate closely related dogs. Although the owners originally described no visual deficits before the first seizure, they mentioned that the dog had once been quite athletic, but recently had not been successful playing Frisbee or fetch. The dog exhibited decreased coordination that included clumsiness and bumping into objects. Starting at approximately 1 year of age, the dog began to display signs of anxiety, particularly when encountering other dogs or unfamiliar people. The physical examination was limited because Dog A was extremely disoriented and hypersensitive to any auditory or tactile stimulation. With mild restraint, the dog would have severe myoclonic jerks. Cranial nerve examination identified a bilaterally absent menace reflex, but the remainder of the cranial nerve evaluation was normal. The dog was ambulatory with mild tetraparesis, proprioceptive ataxia, and delayed general proprioception in all 4 limbs. Dog A had intact segmental reflexes. A CBC and serum biochemistry analyses were unremarkable. Magnetic resonance imaging identified diffuse brain atrophy indicated by widening of the cerebral cortical sulci, diffuse dilatation of the ventricular system, subjectively decreased size of the interthalamic adhesion, and increased cerebrospinal fluid (CSF) surrounding the folia of the cerebellum (Fig 2) . Because of the severity of the clinical signs, Dog A was euthanized the day after advanced diagnostic procedures were performed.
Australian Cattle Dog B, a neutered male (Fig 1B) , presented to the Chicago Veterinary Neurology and Neurosurgery Group in 2014 at approximately 18 months of age for evaluation of progressive neurologic changes and a recent severe seizure. The onset of signs occurred at approximately 12 months of age with periodic episodes of severe anxiety, particularly in response to loud noises. The severe anxiety persisted throughout the course of the disease. Over time, the dog's ability to recognize and respond to commands progressively decreased. As the disease progressed, other signs exhibited by Dog B included compulsive repetitive scanning of its surroundings, circling, loss of ability to navigate stairs, tremors, loss of coordination, visual impairment in both dim and bright light, periods of trance-like behavior, aggression, ataxia, and clumsiness including increased bumping into obstacles. At the time of examination, the dog reacted aggressively to any attempts to control its head or body. Because of progressing neurologic signs that did not abate with zonisamide and diazepam treatment, Dog B was euthanized at approximately 20 months of age and a necropsy was performed to collect tissues as described below. No pedigree information was available for this dog.
Australian Cattle Dog C (Fig 1C) had been tentatively diagnosed with NCL in Pullman, Washington, in 2007. A DNA sample was received at the University of Missouri at that time and archived. The owners reported that during the 6 months before presentation, Dog C had begun showing abnormal behavior, including apparent incoordination, trance-like episodes, increasing fear of other dogs, and aggression toward the owners. At examination, Dog C was disoriented, was overreactive to normal auditory and tactile stimuli, and had an intermittent left head tilt. Static knuckling was delayed in all 4 limbs, but no paresis was noted during observation of the gait. Tetra-ataxia also was noted, especially during pivoting. The menace response was absent bilaterally, but pupillary light reflexes were normal. When the head was elevated, there was bilateral ventrolateral strabismus and vertical nystagmus. Segmental spinal reflexes were normal. Cerebrospinal fluid analysis disclosed a normal protein concentration (12 mg/dL; reference range, <25 mg/dL) and a normal nucleated cell count (1/lL; reference range,<5/lL) with normal cell cytology. A 2-week course of prednisone was prescribed (1 mg/kg PO q12h for 1 week, then 0.5 mg/kg PO q12 h for 1 week) while awaiting additional testing (urine metabolic screen, CSF culture, serum titers for Toxoplasma and Neospora). Clinical signs were not altered by prednisone treatment. Results of the urine metabolic screen were normal, CSF culture was negative for bacteria at 3 days, and serum IgG and IgM titers for Toxoplasma and Neospora were negative. Because of the progression of its neurologic signs, the dog was euthanized at approximately 26 months of age. A fourth Australian Cattle Dog (Dog D) presented at the Animal Medical Center in New York City in 2015 at the age of approximately 24 months after a 6-month history of progressive behavior changes, including aggression toward people and other dogs, ataxia, anxiety, lethargy, and blindness. A neurologic examination identified the bilateral absence of the menace reflex and severely decreased nasal sensation. Pupillary light and palpebral reflexes were normal. The owners elected to have the dog euthanized immediately after the neurologic examination. Magnetic resonance imaging performed immediately after euthanasia showed diffuse symmetrical brain atrophy.
Australian Cattle Dog E (Fig 1D) , a spayed female from Alabama, was euthanized in 2015 at approximately 27 months of age after having exhibited neurologic signs similar to the other 4 affected Australian Cattle Dogs. Starting at about 6 months of age, the dog began to occasionally bump into obstacles, but continued to engage in vision-dependent activities, such as retrieving balls, without difficulty. Several months later, the dog began to exhibit signs of anxiety that became progressively more pronounced; it would become particularly agitated in response to loud noises. At approximately 2 years of age, the dog began to suffer from seizures and associated trance-like behavior, lost interest in activities it previously had enthusiastically engaged in, would pace compulsively, and began to suffer from progressive vision loss and loss of coordination. Visual impairment was apparent in both dim and bright light. Upon neurologic examination at approximately 26 months of age, both direct and indirect pupillary responses could be elicited despite blindness. However, the dog did not exhibit a menace response on either side and physiologic nystagmus was observed in both eyes. Magnetic resonance imaging of the brain disclosed generalized brain atrophy with widened sulci and flattened gyri in the cortex, cerebellar atrophy, and enlarged ventricles. Cerebrospinal fluid analysis did not identify any abnormalities. Shortly after the neurologic examination, the dog's seizures became more frequent and severe and the dog was euthanized. No tissue or blood samples were saved, but buccal swab samples were collected from both parents.
Light and Electron Microscopic Procedures
Cerebral cortical (parietal lobe), cerebellar, and retinal samples were collected at necropsy from 4 of the affected Australian Cattle Dogs and examined by fluorescence and electron microscopy. The eyes from dogs A and B were enucleated and the corneas removed immediately. One eye from each dog was placed in a fixative consisting of 3.5% formaldehyde, 0.05% glutaraldehyde, 120 mM sodium cacodylate, 1 mM CaCl 2 , and pH 7.4 (immuno fix), and the other eye was placed in 2.5% glutaraldehyde, 100 mM sodium cacodylate, and pH 7.4 (EM fix). Slices of the cerebral cortex and cerebellum each were placed in the same fixatives. Before further processing, the eyecups were dissected to obtain regions from the posterior poles adjacent to the optic nerve heads, and these regions were used for examination. All samples were incubated in these fixatives at room temperature until being further processed for microscopic examination. The same tissues were collected postmortem from Dogs C and D in a similar manner except that they initially were placed in 10% buffered formalin for shipment. In addition, a sample of heart ventricle wall was collected from Dog C in the same fixative. Upon receipt at the University of Missouri, the tissue samples were washed briefly in 170 mM sodium cacodylate, pH 7.4, and then transferred to the same fixatives as used for the other dogs. These tissues were examined by previously described histopathologic, immunohistochemical, fluorescent microscopic, and electron microscopic procedures. 7 Among these procedures was immunohistochemical staining of the cerebellar cortex for glial fibrillary acid protein (GFAP). Areas of the cerebellar cortex and closely associated medulla were dissected from the brains fixed in immuno fix (in some cases preceded by fixation in formalin). These tissues were embedded in paraffin and sectioned, and the sections were immunostained for GFAP.
Molecular Genetic Analysis
EDTA-anticoagulated blood from affected Australian Cattle Dogs A, B, C, and D described above served as a source of DNA. Buccal swab samples from the sire and dam of affected Australian Cattle Dog E were collected on commercial cards.
a Previously described procedures were used to isolate DNA from the blood 10 and cards. 23 In addition, DNA samples from 347 other Australian Cattle Dogs, 188 Border Collies, and 177 dogs representing 88 other breeds also were used in the study. These samples were randomly selected from among the samples in the University of Missouri Animal DNA repository.
The DNA from Australian Cattle Dog A was submitted to the University of Missouri DNA Core Facility for the preparation of 2 PCR-free libraries (fragment sizes of approximately 350 and 550 bp) with a commercial kit b and for 2 9 100 paired-end sequencing in 2 flow-cell lanes in a massively parallel DNA sequencer.
c The adaptor sequences were trimmed with custom Perl scripts and the reads were error corrected using a previously described data analysis pipeline. 9 These reads were deposited in the Sequence Read Archive (accession SRS834022) and aligned to the canine reference genome sequence (CanFam 3.1) using the default parameters of the bwa mem algorithm in BWA 0.7.12 software.
24 Samtools 1.2 software was used to convert tab-delimited text files that contained sequence alignment data (aligned.SAM file types) to binary versions (.BAM file types), merge the libraries, and sort and index the files by genomic coordinates. 25 The Platypus 0.8.1 variant caller software 26 was used to generate individual variant call format (VCF) files using the default parameters. Commercial software d was used to annotate variants and to compare them with similarly generated and annotated VCF files from 43 other control dogs with different genetic diseases. The same software also was used to filter the variants to identify those with the following 2 characteristics: (1) they were located within canine orthologs of the 13 genes associated with NCL in humans 1 and (2) they were predicted to alter the primary structure of the gene product.
The DNA samples from the 4 affected Australian Cattle Dogs were genotyped by direct automated Sanger sequencing of PCR amplicons produced with oligonucleotide primers 5 0 -TTAACCA AATGGCAAAGTGGG-3 0 and 5 0 -TTCTTGAACTCTGCTCCAAG T-3 0 which span a previously described causal CLN5:c.619C>T transition. 6 A TaqMan allelic discrimination assay 27 was used to genotype both parents of Australian Cattle Dog E and the archived DNA samples. The sequences of the PCR primers for the allelic discrimination assay were 5 0 -GCGGGACAATGAAACAG-GAATTTAT-3 0 and 5 0 -TGTCTCAGCCCCCTTTGTTG-3 0 . The competing probes were 5 0 -CTGGCTTGAACAGTCC-MGB-3 0 (reference allele) and 5 0 -CTGGCTTAAACAGTCC-MGB-3 0 (variant allele).
Results

Light and Electron Microscopy
All cerebellar, cerebral cortical, and retinal samples from the affected Australian Cattle Dogs exhibited abnormal accumulations of autofluorescent storage material with the fluorescence spectral characteristics typical of the NCLs (Fig 3A-D) . The cardiac muscle of a heart ventricle also was found to harbor substantial amounts of autofluorescent inclusions within the muscle fibers in the 1 affected dog from which the heart was examined (Fig 3E) .
The ultrastructural appearances of the storage material in brain and retina were essentially the same for Dogs A and B from which EM-fixed samples were obtained. The contents of the storage bodies had a primarily membranous appearance in cerebellar Purkinje cells, cerebral cortical neurons, and retinal ganglion cells (Fig 4) . In all 3 cell types, the inclusions were membrane bound and consisted of aggregated clusters of membrane-like structures, but the arrangement of this membrane-like material varied among cell types. The primary storage components in the Purkinje cells had short linear and vesicular appearances (Fig 4A) . In the cerebral cortical neurons and retinal ganglion cells, storage bodies consisted almost exclusively of clusters of parallel stacks of relatively linear profiles (Fig 4B-D) . The cerebral cortex contained storage bodies with scattered, extremely electron-dense structures (Fig 4B) . The degree of compaction of the membrane-like structures in the retinal ganglion cell inclusions was variable (Fig 4C and D) . The storage bodies along the outer limiting membrane of the retina were located primarily within the photoreceptor cells just interior to the junctions between these cells and the adjacent Mueller cells (Fig 4E and F) . These storage bodies contained either aggregates of small vesicles (Fig 4E) or membrane-like material in a variety of configurations (Fig 4F) . The membrane-like components were randomly distributed within primarily granular material, unlike the clustered distributions found in the other cell types. The only cardiac tissue received from an affected dog was fixed in formalin, which did not permit good ultrastructural preservation of the storage material.
The NCLs, like many other lysosomal storage diseases, are characterized by astrogliosis, as indicated by increased amounts of glial fibrillary acid protein (GFAP) in astrocytes. 7, 9, 11, 28 Examination of the cerebellar cortex from Australian Cattle Dog A by immunohistochemistry disclosed very high numbers of cells in both the cerebellar medulla and the granule cell layer that stained strongly with an anti-GFAP antibody (Fig 5A and C) . By comparison, little GFAP immunostaining was observed in either of these cerebellar areas in a normal healthy dog of similar age (Fig 5B and D) .
Molecular Genetics
We used massively parallel sequencing technology to generate a whole-genome sequence from NCL-affected Australian Cattle Dog A and aligned the sequence reads to the canine genome reference sequence (CanFam3.1). The average depth of coverage of the aligned sequence was 28-fold. The 6.2 million potential sequence variants detected in this alignment were filtered to retain only those that were predicted to alter the amino acid sequences of any of the canine orthologs of the 13 genes known to have harbored mutations in human NCL patients. 1 As shown in Table 2 , only 5 sequence variants survived this filtration process. Four were missense mutations that occurred in the heterozygous state. These 4 variants also were present in from 5 to 13 of the 43 control whole-genome sequences from dogs with no signs of NCL and, thus, were unlikely to have been responsible for Australian Cattle Dog A's NCL. In contrast, a C to T transition at position 30,574,637 bp on CFA22 was homozygous in Australian Cattle Dog A and produced a premature stop codon that was predicted to severely truncate the encoded CLN5. This variant was almost certainly causal because it previously had been reported to be responsible for NCL in Border Collies. 6 The homozygous CLN5:c.619C>T transition, detected in the whole-genome sequence from Australian Cattle Dog A, was confirmed by automated Sanger sequencing. In addition, automated Sanger sequencing showed that Australian Cattle Dogs B, C, and D also were homozygous for the CLN5:c.619T allele.
A TaqMan allelic discrimination assay 27 was used to determine the CLN5:c.619 genotypes for another 714 dogs, including both parents of affected Australian Cattle Dog E. These 2 parents and 1 other Australian Cattle Dog, represented in our DNA collection since 2014, were CLN5:c.619C/T heterozygotes. The variant c.619T allele was not detected in archived DNA samples from 346 other Australian Cattle Dogs previously obtained for a variety of reasons unrelated to NCL. In addition, all 188 randomly selected Border Collie DNA samples and all 177 randomly selected samples from representatives of 88 other breeds were homozygous for the reference c.619C allele.
Discussion
We used fluorescence and electron microscopy to confirm the diagnosis of NCL in 4 apparently unrelated Australian Cattle Dogs that had exhibited neurologic signs consistent with this disorder. Previously, NCL had been diagnosed in 2 pairs of Australian Cattle Dog littermates over 35 years ago. 16, 29, 30 Both of the previously reported litters were from the United States, but there was no known familial relationship between them. 30 Both sexes were affected. One litter included an affected pair and 7 clinically normal littermates. 16 The clinical status of the littermates to the other affected pair was not reported, but it was reported that their parents were normal. 30 These observations are consistent with an autosomal recessive mode of inheritance. The earlier-reported NCL-affected Australian Cattle Dogs and those that we studied had brains with similar distributions of autofluorescent storage bodies with similar ultrastructural appearance. In addition, the ages at onset and euthanasia of these earlier-reported Australian Cattle dogs with NCL are similar to those of the NCL-affected Australian Cattle dogs reported here (Table 3) . Thus, it is likely that a single founding mutation was responsible both for the earlier-reported Australian Cattle Dog NCL and for the affected Australian Cattle Dogs reported here. Nonetheless, biological samples from the earlier-reported dogs were not available for testing and the existence of NCL phenocopies within the Australian Cattle Dog breed cannot be excluded.
Whole-genome sequencing has proven to be an efficient strategy for the identification of the mutations responsible for NCL in dogs. 7, 9, 11, 15 Thus, in search of the molecular genetic cause of NCL in Australian Cattle Dogs, we generated a whole-genome sequence with DNA from affected Australian Cattle Dog A and identified a homozygous nonsense mutation, CLN5:
Fluorescence micrographs of cryostat sections the cerebellum (A and B), cerebral cortex (C), retina (D) from Dog A and heart ventricular wall (E) from Dog C. In the cerebellum, storage body accumulation was most abundant in the Purkinje cell layer (pc) with some but not all of the material within cells that could be identified as Purkinje cells (arrows in A and B). There were lesser accumulations of this material in the molecular (m) and granular (g) layers. In the cerebral cortex (B), the storage material was widely distributed throughout most of the tissue. In the retina (C), the most prominent accumulations of autofluorescent material were in the ganglion cells (gc) and along the outer limiting membrane (olm). The retinal pigment epithelium (rpe) also contained substantial amounts of material with similar fluorescence properties, but since the accumulation of such material occurs during normal aging, the presence of this material in the rpe is not diagnostic for NCL. Clusters of autofluorescent inclusions were present in the heart muscle fibers sections in longitudinal orientation (E).
c.619C>T, that had already been reported to cause NCL in Border Collies. 6 The NCL-affected Australian Cattle Dogs B, C, and D also were homozygous for the variant c.619T allele, whereas there were no c.619T homozygotes among 349 other Australian Cattle Dogs not known to have exhibited clinical signs of NCL. Three of these 349 Australian Cattle Dogs were c.619C/T heterozygotes, including both parents of Australian Cattle Dog E. The similarities between the clinical history of Dog E and the clinical histories of the other 4 NCLaffected Australian Cattle Dogs, and the fact that both of Dog E's parents carried the rare c.619T allele strongly imply that Dog E was a c.619T homozygote. The association of NCL in 2 dog breeds with the same rare truncating mutation in a candidate gene strongly indicates that the mutation is causal for NCL in both Australian Cattle Dogs and Border Collies.
Although there are anecdotal accounts of "dog show" Border Collies with NCL-like signs in Australia and New Zealand in the 1970s, 31 the first published report of NCL in Border Collies appeared in 1988. 32 This report described the disease in 3 male and 2 female Border Collies. Three years later, the clinical signs and laboratory findings for these 5 dogs and 18 other Border Collies were summarized. 33 As shown in Table 3 , the age at disease onset and the disease duration in these Border Collies from Australia closely resembled that of the affected Australian Cattle Dogs, including those shown here to be CLN5:c.619C>T homozygotes. Subsequently, a Border Collie from the United States was reported to have NCL with similar clinical and laboratory findings but a later age at onset.
34
In 2005, linkage analysis with DNA markers from candidate regions placed the Border Collie NCL locus on a CLN5-containing segment of canine chromosome 22 and the CLN5:c.619C>T transition was identified as the causal mutation. 6 Since then, it has been possible to use DNA tests to identify c.619T homozygotes and to investigate the Border Collie NCL with genetically defined cohorts of NCL-affected dogs. Two reports described CLN5:c.619T homozygous Border Collies from Japan. 35, 36 The clinical and laboratory findings for 27 Border Collies 36 with genetically defined NCL were similar to those from earlier reports of affected Border Collies and Australian Cattle Dogs and to those of the 5 Australian Cattle Dogs in our report. The ages at onset and death also were similar in each group of affected dogs ( Table 3 ). The Japanese investigators found a CLN5:c.619T allele frequency >0.3 in dogs from certain kennels that unknowingly included asymptomatic heterozygotes in their breeding stock 36 and estimated an overall CLN5:c.619T allele frequency of 0.04, based on a random survey of over 400 Japanese Border Collies. 35 The mutant T allele appears to be less common in North America because 188 Border Collie samples from our DNA collection all were CLN5:c.619C allele homozygotes. Although possible, it is very unlikely that the CLN5:c.619C>T transition arose independently in Border Collies and Australian Cattle Dogs. Both breeds are of similar size and both breeds are used for herding. Some kennels produce puppies from both dog breeds. Thus, there is the potential for occasional planned or inadvertent exchange of genetic material between breeds. Published reports indicate that the disease has been present in both breeds for many generations, 16 ,32 but it is not possible from the available evidence to identify the breed of origin. Regardless of the origin, a DNA test for the mutation can be used to aid in the diagnosis of NCL.
A different CLN5 mutation, CLN5:c.934_935delAG, was found in the homozygous state in a Golden Retriever with NCL. 7 This mutation produces a readingframe shift and is predicted to encode a truncated gene product: CLN5:p.E312Vfs*6. As shown in Table 3 , the disease characteristics of the affected Golden Retrievers are similar to those of the affected Australian Cattle Dogs and Border Collies.
Mutations in human CLN5 were first reported to cause NCL in 1998. 37 Since then, at least 36 potentially causal CLN5 sequence variants have been found in human NCL patients (http://www.ucl.ac.uk/ncl/cln5. shtml). For most CLN5 patients, the onset of clinical signs occurred between 4 and 7 years of age, 38,39 but some presumably hypomorphic mutations have produced much later disease onsets. 40 Although CLN5 mutations have been recognized as causes of NCL for over 16 years, the biological functions of the gene product and the mechanisms leading to neurodegeneration remain unknown. 41 Ovine and murine Cln5-deficient animal models share disease features with human CLN5 patients 42, 43 and have been used to investigate the underlying disease pathways. [44] [45] [46] The ovine model is involved with ongoing and planned experiments to evaluate potential therapies for human CLN5 patients. 47 Several canine models have been used to develop therapies for lysosomal storage diseases, 48 and dogs have obvious advantages over sheep in urban research settings. A TPP1-deficient canine NCL model 5 has proven useful in the evaluation of therapies for the human CLN2 form of NCL including an enzyme replacement therapy that is currently in clinical trials in human patients (https://clinicaltrials.gov/ct2/show/NCT0 1907087). [49] [50] [51] 
